Introduction
Since the discovery and public announcement of carbon fibre 50 years ago, there has been a plethora of papers published in a growing number of journals and books on the behaviour of composite materials under stress and on design methods of composite structures. But remarkably few (in percentage terms) have provided in-depth physical understanding of why composite materials fail and structures collapse. In scientific Hierarchy of structural scales ranges and discrete methods of analysis in design ranging from micro-mechanics to the higher structural levels of modelling, continuum mechanics, etc. Structural integrity embraces contributions from materials science and engineering, fabrication and processing technology, NDI, fracture mechanics, probabilistic assessment of failure, across a spectrum of size scale.
terms, there lacks a thorough quantitative description of the connection between processing and design, durability and reliability. What is missing is an appreciation of what structural integrity of a composite actually means.
Structural integrity is a term that embraces contributions from materials science and engineering. It combines a number of interacting factors: the criticality of the application; the accessibility for and ability to inspect vital parts and components; the intended use including load spectrum and time; the consequences of impact, fatigue, environment, temperature; the manufacturing technique and inherent flaws, non-destructive inspection (NDI) beginning with manufacture, continuing through-service monitoring and safety management; the application of fracture (or damage) mechanics and the probabilistic assessment of failure; and 'human factors' across a broad spectrum of size scale. This can be summarized in figure 1 . In other words, structural integrity analysis treats the design, the materials used, and figures out how best components are fabricated, and methods by which parts can be joined. Furthermore, structural integrity takes into account service duty. However, there are conflicting aims in the complete design process of designing simultaneously for high efficiency and safety assurance throughout an economically viable lifetime with an acceptable level of risk. 
Fitness considerations for long-life implementation
Fitness considerations for long-life implementation of engineering composites include understanding phenomena such as impact, fatigue, creep and stress corrosion cracking that affect reliability, life expectancy and durability of structure. Bringing together new knowledge contained in constitutive models of continuum design and empirical information from a girth of experience is proving to be difficult because of the increasing number of service and process variables required for sophisticated optimal design. Greater performance, lower costs, increased reliability and safety all require that the design engineer knows more and more of the materials available.
Selecting the right material system at the very beginning of the design process requires material properties profiling. Dimensions must be consistent with the overall function including minimum weight, and there are databases for materials properties to which designers can refer. Additional input in selecting the correct combination of fibre and matrix might include thermal conductivity and thermal expansion coefficient. For thermal properties profiling, an expansion coefficient mismatch between ceramic constituents leads to thermal fatigue cracking or ratchetting in metal-matrix composites. This requirement constrains selection of fibre reinforcement and protective coatings for high-temperature application; Ti requires Al 2 O 3 fibres, not SiC fibres. Ceramic-ceramic composites preference is for SiC/SiC or mullite (alumino-silicate ceramic)/Al 2 O 3 over SiC/Al 2 O 3 .
Where toughness is a critical requirement, experience indicates a practical minimum level of fracture toughness of 10-15 MPa m 1/2 . Toughness, however, is not a unique property of composites, which complicates things. For example, 'blunting' mechanisms stabilize damage: multiple matrix cracking, fibre bridging of delamination cracks, fibre buckling zones around notches or holes in compression, etc. Furthermore, the stress concentration factor around holes diminishes under increasing (and repeated) load because inelastic (damage) zones develop with an elevation in the local tensile strength. Multiple fibre fracture and matrix-dominated cracking below ultimate strength allows other inelastic mechanisms to activate in the matrix and stabilize the effect of damage, and the failure probability distribution is dramatically modified. Since notch strength scales with fracture toughness, notch sensitivity is a more robust, useful measure of material performance.
Composites can undergo combined attack from stress and environment. This activates a complexity of atomistic defects and microscopic flaws and their accumulation over time will be felt at the component level of size. Corrosion fatigue degradation of glass fibre in epoxy, for example, occurs by two rate-limiting phenomena. Hostile species penetrate the composite through matrix cracks. Reaction with the fibres reduces their strength and they fail at the matrix crack front. This is a reaction-controlled stress corrosion cracking process. On the other hand, for a narrow matrix crack opening, concentration gradients develop along the crack and the stress corrosion cracking process becomes diffusion-controlled. The chemically activated kinetics of the processes is thermally sensitive, so models based on statistical mechanics lead to a rate that depends upon temperature. In solving this particular problem, the difficulty is that pure atomistic models on their own break down because certain structural variables (diffusion rates, jump frequencies, chemical activation energies, etc.) are not known; neither can they easily be measured.
Various design methodologies exist, all dealing with critical issues of structure and all common to the overall design process of production, maintenance and repair. Superimposed are two items: assessment by NDI and safety. Is safety compromised where the fatal flaw(s) in the structure is (are) smaller than the NDI detection limit? What initial flaw (damage) content is acceptable in the final structure as a result of the manufacturing process? Structures require through-life monitoring of damage growth. But what is an appropriate inspection period? There are conflicting aims of designing a structure simultaneously for high efficiency and safety assurance throughout an economically viable lifetime, and it comes down to the price of safety with an acceptable level of risk as decided by society's experts. Quite simply, how far from potential disaster are we prepared to go? An important feature of structural integrity analysis is that it provides quantitative input to the formulation of an appropriately balanced response to that question. In short, it is the design life that determines the answer because it relates to loss of function. In a 'nutshell', design life is that point in time when a structure suffers loss of function for which it was intended.
Structural integrity and lengthscale
A key role in failure prediction, from empirical methods to high-fidelity simulations of damage evolution, is played by certain physical length scales in the damaging processes, which provide a rationale for making modelling decisions. A lengthscale arises because of the complexity of the nature of cracks for specific damaging mechanisms; delamination and splitting (shear) cracks (and associated interfacial friction), fibre rupture, fibre micro-buckling or kink formation, and diffuse micro-cracking or shear damage. Corresponding physical models and mathematical theories describe these mechanisms on a micro-scale and crack growth in the large engineering structure. Boundaries on the lengthscale are delineated by a breakdown in the model and assumptions implicit to a particular size.
Thus, we can define points on that scale by phenomena that are treated discretely from phenomena treated collectively. The two exceptions are the endpoints of the lengthscale. (Everything at the electronic level is treated discretely, whereas everything at the macro size is treated collectively.) Our confusion over how damage is interpreted along this lengthscale is causing difficulty as progress is made from one design stage to the next; from the size of architectural feature of the laminate to that of structural element, and from component and to the fully assembled large-scale structure. Even with the exponential growth of computational power, which has resulted in an abundance of numerical analytical models, there still exists fundamental barriers to overcome as progress is made by connecting one damage analysis to the next, from the time the smallest undetectable defect forms in the solid to the point where a visible crack is found in a full-scale engineering structure 'down the road'.
Lack of mastery in combining architectural design of the material at the micrometre (or less) size with the design of elements of the engineering structure metres in length, has led to the opening of a gap in our knowledge of composite failure. This weakness can be traced to the changing nature of cracking and fracture as structural size increases. If we consider coming to terms with all sorts of material behavioural complexities at the sub-microscopic end of the scale, we might say that we have characterized the properties of the composite by reference to the fibre only. There has been no real consideration of the 'make up' of the material or macroscopic geometry of the laminate or shape of part or component. Any notch, hole or cut-out is but a geometrical aberration. Conversely, at the size level of component design, we have tended to look at the overall geometric shape and thought of the material properties as being set (in a geometric sense) at global level.
Coming to terms with these differences of scale appears to be a key source of design difficulty, because it is precisely at that size where the material problem becomes a structural one where this gap in understanding of composite failure has opened up. This gap has been partially filled using fracture (and damage) mechanics, where quantitative relationships between microscopic and macroscopic parameters have been developed. Thus, as before, damage tolerance certification of a material and structure requires time-consuming, expensive testing. However, with the development of computer power and appropriate software, this has lead to a reduction in number of tests by substituting with high-fidelity damage simulations that serve as virtual tests of structural integrity.
Structural integrity and multi-scale modelling
Testing and analysis across a size spectrum reflect responses at all structural levels, which we call multi-scale modelling. Multi-scale problems of structural failure that occur at the micro, meso and macro sizes of scale must be targeted by appropriate multi-scale modelling methods (figure 1). Materials have to be processed, components shaped and structures assembled. Lack of attention to detail leads to premature failure after shorter service duty, because of the introduction at some stage of fatal flaws (voids, delaminations, fibre waviness, contamination at joints, etc.), and they all impact on structural performance. Difficulties in prediction arise firstly because composites modelled as heterogeneous elastic bodies contain sites of stress singularity and secondly, because the mechanisms controlling damage initiation and growth are nonlinear. Component failure is normally due to an instability of one kind or other and it is irrevocable. Laminates have a propensity to delaminate; the mathematical plane between adjacent plies offers a preferred path for crack propagation, irrespective of the nature of the stress field that gives rise to the elastic strain energy released. This is because the plane between plies is characterized by a specific fracture surface energy significantly lower than that for any other internal surface. When the delamination crack extends, energy is irreversibly lost. Load on the structural part is not indefinitely sustainable and it eventually fails. In the design of a damage-tolerant composite, we require the presence of a microscopically weak structure built into a macroscopically strong solid, which ensures any crack present becomes innocuous.
This was most cogently argued in discourses by Prof. Alan Cottrell and Prof. Charles Frank to the Royal Society more than 50 years ago (1963) [1] . Cottrell presented a novel treatment of a long-standing problem, namely the crack with a force between its faces. His direct approach to finding a solution was to obtain general expressions for the force and displacement between the crack surfaces. In the case of the fibrous composite under tensile loading, carbon fibres in epoxy, for example, all the fibres in the fracture plane do not snap at once; they do so in a sequential manner because of the variability in flaw size and flaw distribution along the fibre length. By careful manipulation of fibre-matrix bonding, the fibre-matrix interface is 'allowed' to fail by decohesion and, in so doing, blunts the tip of any small propagating matrix crack present, while fibres bridging that crack remain intact and carry the traction ( figure 2) .
At the heart of the matter, then, is the matrix or interface crack between layers bridged by fibre that requires de-bonding to occur in preference to fibre fracture. In the absence of de-bonding or when the sliding (shear) resistance along the de-bonded interface is high, crack tip stresses are concentrated in the fibre and they decay rapidly with distance from the matrix crack plane. Consequently, fibres are more likely to snap at or near to the crack plane rather than pulling out, thus diminishing their vital role in bridging matrix cracks and delamination cracks. Under these circumstances, the composite would exhibit notch sensitivity (brittleness). Recall the fate of the original carbon fibre compressor blades of the Rolls-Royce RB211 jet engine.
Thus, the critical issue concerning structural integrity of the composite centres on the extent of this de-bonding mechanism and its dependence on interface properties, and its effect on crack opening and fibre fracture. These contributions on the dissipation of energy in a stable manner can be derived in terms of the constituent properties of the fibre and the shear resistance or shear toughness of the interface. Furthermore, the question of structural integrity concerns the definition of optimum surface treatment of fibre and optimum properties of any coating or interphase between the fibre and matrix. Vital, then, is the nature of the bond and integrity of the interface, and possible thermal stresses and shrinkage effects of the matrix during processing and ageing in wet and dry environments.
Questions surrounding the mechanisms of mixed-modes of splitting and delamination cracking require resolution.
Another consideration is how to include in a physical model the probabilistic nature of the failure behaviour of composite materials. Consider for example airframes made from composites. At the moment, we arrive at the probability of a successful outcome of a safe design by using intuition and our experience of circumstances that we have encountered before. Our comprehension of structural changes in composite materials, however, which take place continuously and cumulatively, is lacking in detail. More often than not, these simultaneously acting microscopic (or atomistic) processes are simply not known. Consequently, current design codes for composite material structures in critical loading situations do not take creep, fatigue and environmental-induced mechanisms into account.
To predict a result, say lifetime or a stress response by a numerical method, there must be a selfevident truth that the mechanism regime in which the component is operating must be known. In other words, the important design issues must all be embedded in the same model of material and component behaviour that must also include the dominant mechanism(s) of structural change over orders of magnitude of size. But how much detail of failure mechanisms do we need to know to come up with a successful model for incorporating into a simulated virtual test in order to reproduce the outcome of a real test on an engineering structure? And there still remains the difficulty in connecting results at the different scale levels and how damage transfers from a lower scale to a higher scale. To imagine the future, then composite material and engineering disaster as an act of God or of bad luck has to go. Total safety is the 'only show in town'.
Concluding remarks
Undoubtedly, progress has been made in the past decade in bringing together the basic concepts of physical modelling, mathematical and continuum models and in reconciling them with each other. But the rate of progress has been slow and the burden of cost so enormous that industry can reasonably be expected to ask for a condensation of all this work to a set of effective design codes that can be applied by those who understand and recognize the likely dangers and limitations of the large-scale structure. It is time to apply existing knowledge and 'know-how' to the development and exploitation of design methods for safe life prediction of large structures; to re-appraise current design practice and future design strategies; and to develop and validate risk-based assessment methodologies.
We need to reconcile the irregularities of microstructure with the assumed continua of computational methods of modelling through an integrated multi-scale approach to design. This requires integration of scientific disciplines, skills and understanding across a broad spectrum of size scale. And this comes from the condensation of a wealth of knowledge of experimental information and applied analytical procedures, and from the application of modelling of various kinds including computer-based high-fidelity simulation.
If we begin design at the micrometre level of size (or below), basic research seeks a detailed understanding of the problem of structural failure through elegant modelling or experimentation with conspicuous absence of immediate need for solution or time constraints. At the other end of the size scale, solutions to applied structural problems need not necessarily be complete and in fact a full understanding of the situation is rarely required. These solutions require synthesis, optimization, approximation and 'feel', and they generally have a time constraint. The benefits include shortening of the design cycle time (reducing costs), optimization of safe performance of structure and raising confidence levels in life prediction of highly stressed structures.
There is another set of issues that cannot be ignored and runs through these papers like a leitmotif: what is a scientific discipline; how do disciplines emerge and differentiate; can a discipline also be interdisciplinary? Perhaps it is the last of these questions which gave the editors the impetus to embark on this Royal Society Research Discussion Meeting with such a wide range of themes and disciplines, addressed so expertly by all of the invited speakers.
Finally, recall the words of Isaac Newton spoken to Robert Hooke at one of the Royal Society soirees in London (ca 1685):
Merely because one says something might be so, it does not follow that it has been proved that it is. [2, p. 1] 
